Polyploid plants often produce new phenotypes, exceeding the range of variability existing in the diploid gene pool. Several hundred citrus allotetraploid hybrids have been created by somatic hybridization. These genotypes are interesting models to study the immediate effects of allopolyploidization on the regulation of gene expression. Here, we report genome-wide gene expression analysis in fruit pulp of a Citrus interspecific somatic allotetraploid between C. reticulata cv 'Willowleaf mandarin' þ C. limon cv 'Eureka lemon', using a Citrus 20K cDNA microarray. Around 4% transcriptome divergence was observed between the two parental species, and 212 and 160 genes were more highly expressed in C. reticulata and C. limon, respectively. Differential expression of certain genes was confirmed by quantitative real-time RT-PCR. A global downregulation of the allotetraploid hybrid transcriptome was observed, as compared with a theoretical mid parent, for the genes displaying interspecific expression divergence between C. reticulata and C. limon. The genes underexpressed in mandarin, as compared with lemon, were also systematically repressed in the allotetraploid. When genes were overexpressed in C. reticulata compared with C. limon, the distribution of allotetraploid gene expression was far more balanced. Cluster analysis on the basis of gene expression clearly indicated the hybrid was much closer to C. reticulata than to C. limon. These results suggest there is a global dominance of the mandarin transcriptome, in consistence with our previous studies on aromatic compounds and proteomics. Interspecific differentiation of gene expression and non-additive gene regulation involved various biological pathways and different cellular components.
Introduction
Polyploidization is a prominent mechanism of speciation in flowering plants and has a strong impact on plant species diversity (Wendel and Doyle, 2005) . Polyploid plants often produce new phenotypes, exceeding the range of variability existing in the diploid gene pool (Osborn et al., 2003) and it is generally considered that allopolyploid plants confer an evolutionary advantage over their progenitor (Salmon et al., 2005; Wendel and Doyle, 2005; Chen, 2007) . Genomic reorganization, independent evolution and subfunctionalization of duplicated genes (Lynch and Force, 2000; Adams et al., 2003) , are important elements of the evolution of polyploid populations. Recent studies have also demonstrated that besides structural changes (Madlung et al., 2005) , important modifications of gene expression occur immediately after allopolyploidization events (Comai et al., 2000; Adams et al., 2004; Wang et al., 2004 Wang et al., , 2006b ). Gene silencing is frequent in allotetraploids. It varies between 1 and 5% in corn allopolyploids (Kashkush et al., 2002) and between 2.5 and 11% in neo-allopolyploids between Arabidopsis thaliana and A. arenosa (Lee and Chen, 2001; Wang et al., 2004) , reaching 25% in allotetraploid cotton plants (Adams et al., 2003) . Several studies suggest that these variations in expression are repeatable for particular genes. Thus, in Arabidobsis the same set of three genes is affected in four neoallopolyploid lines arising from independent events of polyploidization (Wang et al., 2004) . However, in the same study, gene silencing seemed to be stochastic in other parts of the genome. In cotton, very similar skews have been observed for several recently generated allotetraploid artificial hybrids and natural allotetraploid cotton plants, polyploidization event of which goes back over 1 million years. Moreover, in cotton the neoregulation of the genome seems to be organ specific (Adams et al., 2003 (Adams et al., , 2004 .
It is generally considered that a 'genomic shock phenomenon', as proposed by McClintock (1984) , occurs rapidly in interspecific hybrids and allopolyploids, resulting in demethylation of retroelements, relaxation of gene imprinting, and silencing and activation of homoeologous genes, including rRNA genes subjected to nucleolar dominance (Chen, 2007) . RNA interference, action of siRNAs and miRNAs and their implication in gene regulation, are also good candidates to explain nonadditive gene expression (Chen et al., 2008) . Moreover, allopolyploidy induces the juxtaposition and interaction of divergent homeologous regulatory networks, leading to new cis-and trans-acting effects on gene expression (Chen, 2007; Landry et al., 2007) and thus to nonadditivity.
In most of these published studies, recent allotetraploid plants arise from sexual crossing with potential intrafamily variability in the case of partial homozygosity of the parental lines. Within this framework, somatic hybrids are interesting models to study the immediate effects of allopolyploidization on the regulation of gene expression. In the last two decades, somatic hybridization has become an important tool for citrus breeding and several hundreds of interspecific and intergeneric allotetraploid hybrids have been synthesized (Grosser et al., 2000) . Theoretically, all dominant traits of complementary heterozygous parents can be cumulated in somatic hybrid rootstocks (Grosser et al., 2000) . Somatic hybridization has also been widely used to diversify the tetraploid gene pool to be used for triploid citrus breeding (Ollitrault et al., 2008) . Allotetraploid citrus from somatic hybridization displays certain transgressive morphological vegetative traits (leaf thickness, stomate density, size and so on) similar to autotetraploids arising from chromosomal doubling of nucellar cells (Ollitrault et al., 2008) , which can be associated with tetraploidy per se. However, inheritance of others traits is clearly linked with the parental combinations with codominance or dominance of one or the other parents according to the considered trait. In a study on leaf volatile compounds of seven citrus somatic allotetraploid hybrids sharing Willowleaf mandarin as their common parent (Gancel et al., 2003) , including Willowleaf þ Eureka lemon hybrid, a systematic dominance of mandarin traits was observed. Particularly noticeable were the absence of monoterpene aldehydes and monoterpene alcohols and the very low levels of sesquiterpene hydrocarbons, sesquiterpene alcohols and sesquiterpene aldehydes (b-and a-sinensals) in all hybrids, as these compounds were found at high concentrations in the non-mandarin parents. Moreover, some specific compounds of Willowleaf mandarin, such as methyl N-methylanthranilate, were found in all hybrids. Such dominance of mandarin traits was also observed under 2-D electrophoresis for the leaf proteome of two allotetraploid somatic hybrids combining Willowleaf mandarin (Citrus reticulata) with Mexican lime (C. aurantifolia) and kumquat (Fortunella margarita). The two allotetraploid hybrids were found to be closer to their mandarin parent than to their other parents in terms of presence/absence of protein spots as well as at a quantitative expression level (Gancel et al., 2006) . More recently, Bassene et al. (2009b) selected the allotetraploid C. reticulata cv 'Willowleaf' þ C. limon cv 'Eureka' as a model for the analysis of phenotypical inheritance of fruit quality traits in allotetraploid citrus somatic hybrids. Indeed the two parents displayed a very strong differentiation for primary and secondary metabolite profiles as well as for pomological traits. Strong dominance of lemon was found for acid compounds, partial dominance of lemon was found for sucrose and glucose, whereas dominance of mandarin was observed for fructose and most of the aromatic compounds except methyl N-methylanthranilate (Bassene et al., 2009b) . Some morphological characteristics of the fruits, such as shape and colour, were closer to mandarin whereas additive inheritance was observed for other traits, such as fruit size and diameter, number of seeds and number of embryos per seed. It is widely accepted that mandarin (C. reticulata), pummelo (C. maxima) and citron (C. medica) are the three basic taxa from which the following cultivated species originated: C. sinensis (sweet orange), C. aurantium (sour orange), C. paradisi (grapefruit) and C. limon (lemon) (Nicolosi et al., 2000) . The latter species is probably a direct hybrid between C. aurantium and C. medica (Figure 1 ; Nicolosi et al., 2000) . Considering that C. aurantium comes from hybridization between the C. reticulata and C. maxima (Nicolosi et al., 2000) , it should be considered that C. limon is a mosaic of genome regions in heterozygosity between C. medica and C. reticulata and regions in heterozygosity between C. medica and C. maxima. Thus, the specific allelic dosage along the genome of the allotetraploid C. reticulata þ C. limon somatic hybrid may be 3 C. reticulata þ 1 C. medica or 2 C. reticulata þ 1 C. maxima þ 1 C. medica.
The main objective of this study was to analyse whether the new phenotype of this complex threeway tetraploid interspecific hybrid, displaying mixed dominant, codominant and transgressive traits (Gancel et al., 2003; Bassene et al., 2009b) , is associated with non-additive expression of the two diploid parental genomes. The study is conducted by hybridization of fruit pulp transcriptome on a genome-wide 20K cDNA microarray, which was developed under the Citrus Functional Genomics Project from a huge clementine expressed sequence tags database (CFGP; http:// bioinfo.ibmcp.upv.es/genomics/cfgpDB; Martinez-Godoy et al., 2008) . . This hybrid was genomically characterised by (Bassene et al., 2009a) . The 26 polymorphic simple sequence repeat nuclear markers analysed did not reveal any departure from complete addition of the two parental nuclear genomes. Moreover, 36 chromosomes were observed, as expected from addition of the genomes of the two diploid parental species (2 Â ¼ 18). Chloroplastic simple sequence repeats and mitochondrial sequence-tagged sites revealed that the allotetraploid nuclear genome was combined with chloroplasts and mitochondria of mandarin. The somatic allotetraploid and the two parents were all grafted onto Volkamer lemon rootstock (Citrus limonia Obs.) and three trees of each genotype were randomly planted in the same field at the Station de Recherche Agronomiques (INRA/CIRAD) in San Giuliano (Corsica, France) . From the same experimental field, Bassene et al. (2009a) harvested fruits from three trees at 15-day intervals from December to February 2008 (180-255 days after anthesis (DAA)) and analysed the evolution of juice, sugar and acid contents. The 225 DAA seemed the better date to fit with classical values of maturity indicators for mandarin and lemon. They selected this date for the characterization of aromatic compounds at maturity. The present experiment has been carried out with samples of four fruits per tree harvested at the same date (225 DDA) from three individual trees. At this date, the values of the maturity indicators, respectively, for Willoleaf mandarin, the somatic hybrid and Eureka lemon were: juice content (32 ± 2.3; 26 ± 1.2 and 30 ± 0.8%), soluble solid content (10.1±0.1, 7.1±0.2 and 6.8±0.1%), titratable acidity (0.9 ± 0.1, 3.6 ± 0.1 and 5.3 ± 0.2%) and soluble solid content/titratable acidity ratio (11.2±1.0, 1.97±0.51 and 1.28 ± 0.31). Juice content was expressed as percentage of fruit weight. Titratable acidity of juices was determined by titration to pH 8.2 with 0.1 mol l
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NaOH and expressed as percentage of anhydrous citric acid, and soluble solid content was determined with a refractometer (Atago model 0-32%, Bellevue, WA, USA). Moreover, fruits displayed mature external colour.
RNA extraction and microarray hybridization
Total RNA was extracted from fruits (225 DAA) according to the protocol described by Ancillo et al. (2007) , except that the high pH of the lemon fruit homogenates was neutralized by adding NaOH up to pH-neutral to ensure a better stability of RNA. Extracted RNA was then used in an amplification reaction with the AminoAllyl Message AmpTM aRNA Amplification kit (Ambion, Austin, TX, USA) following the manufacturer's instructions. Then 7.5 mg of UTP-aminoallyl-amplified RNA was labelled using Cy3 or Cy5 dye (GE Healthcare, Chalfont St Giles, UK).
For each genotype, fruits were randomly collected from three different field trees. Three biological replicates for each genotype were generated and compared with a global reference, generated from an equimolar mix of amplified RNAs from each of the nine trees.
A genome-wide 20K cDNA microarray was used, developed under the Citrus Functional Genomics Project (CFGP; http://bioinfo.ibmcp.upv.es/genomics/ cfgpDB). The microarray includes 21 081 putative unigenes of citrus (Martinez-Godoy et al., 2008) . Microarray hybridization and washing were performed as described by Martinez-Godoy et al. (2008) . Afterwards slides were scanned at 532 nm for the Cy3 and 635 nm for the Cy5 dyes, with a GenePix 4000B scanner (Axon Molecular Devices, Sunnyvale, CA, USA), at a 10-nm resolution and 100% laser power. Photomultiplier tube voltages were adjusted to equal the overall signal intensity for each channel, to increase signal-to-noise ratio and to reduce the number of spots with saturated pixels. Spot intensities were quantified using GenePix Pro 6.0 (Axon Molecular Devices). Spots with a net intensity in both channels below twofold the mean background intensity were considered low-signal spots and removed.
Microarray data analysis
Data were global median normalized using GenePix Pro 6.0 (Axon Molecular Devices) so that the median of the median ratios of every valid spot in the slide was equal to 1. Only probes with valid data in all slides were considered for further analysis (9376 spots).
To detect differentially expressed genes, data were analysed with the significance analysis of microarray package (Tusher et al., 2001 ) using multi-class comparison with a false discovery rate of 4.18% with no foldchange cut-off. The differentially significant expressed genes were clustered in self-organizing maps (Kohonen, 1990) with Euclidean squared similarity metrics using the GEPAS interface (http://gepas.bioinfo.cipf.es/; (Herrero et al., 2003) ). The means and s.d. values from each group for each species were normalized to the median of the expression in WLM samples.
Gene lists were further analysed using Blast2GO (Conesa et al., 2005) to find differential distributions of the gene ontology term between statistically differential genes in each self-organizing map and the other genes in the microarray.
Quantitative real-time RT-PCR Expression of four selected genes was estimated by quantitative real-time RT-PCR using the SYBR Green assay and the LightCycler System (Roche, Mannheim, Germany). Total RNA preparations were cleaned up with the Rneasy Plant Mini Kit (Qiagen, Hilden, Germany), treated with DNase I (RNase-free DNase set; Qiagen) and adjusted to 20 ng RNA per ml using the Quant-iT RiboGreen RNA assay kit (Invitrogen, Paislay, Scotland) following the manufacturer's instructions. The cDNA was synthesized in a 10-ml reaction volume containing 20 ng of DNase-treated RNA, 2.5 pmol each of forward and reverse primers, 1 U of RNase inhibitor (Applied Biosystems, Foster city, CA, USA), 2 ml of LC FastStart DNA MasterPLUS SYBR Green I (Roche), and 2.5 U of MuLV Reverse Transcriptase (Applied Biosystems). Primer pairs for each gene were designed on the basis of corresponding sequences available in the database of the CFGP (http://bioinfo.ibmcp.upv.es/genomics/cfgpDB) and are shown in Table 1 .
The thermal profile consisted of 48 1C for 30 min, 95 1C for 10 min, and 45 cycles of 95 1C for 2 s, 60 1C for 10 s and 72 1C for 15 s followed by a melting programme of 60 1C for 60 s. To transform fluorescent intensity measurements into relative mRNA levels, a 10-fold dilution series of an RNA sample was used as the standard curve. All the experiments were performed in triplicate and means were calculated.
Results
A cDNA microarray containing 21 081 putative unigenes was used to analyse the gene expression profile of the Willowleaf þ Eureka lemon allotetraploid hybrid and its two diploid parental genomes. Total RNA was extracted from fruit pulp (225 DAA), amplified, labelled and hybridized to the microarray. Three biological replicates were analysed per species using a global reference experimental design. Microarray data have been archived in NCBI public database (GSE18386; http:// www.ncbi.nlm.nih.gov/projects/geo/query/acc.cgi?acc ¼ GSE18386). After quality analysis, 9376 spots (unigenes) were considered as valid for further analyses. The average signal of the three genotypes were not significantly different: respectively, 1.033±0.021, 1.101±0.066 and 1.058 ± 0.041 for the mandarin, the lemon and the hybrid. This suggests that the chip is not biased toward mandarin or lemon. This is a logical result because this chip is based on large fragments (75% are bigger than 400 nucleotides; Martinez-Godoy et al., 2008) and gene homology is very high among cultivated Citrus species. Expression levels were analysed in a multi-class response using significance analysis of microarray (Tusher et al., 2001) . In total, 372 differentially expressed genes between the three analysed genotypes were statistically significant, with a false discovery rate of 4.18% meaning that among these 372 genes, 15 should be false positive (Pawitan et al., 2005) . Respectively, 100% and more than 77% of the genes classed as differentially expressed, differed in expression by more than 1.5 Â and 2 Â .
Differential expression of some genes was confirmed by quantitative real-time RT-PCR using the same RNA preparations analysed in hybridization experiments. The relative accumulation of the four mRNAs (alcohol dehydrogenase, phosphoenolpyruvate carboxylase kinase 2, putative sugar transporter and sucrose phosphatase) paralleled that observed by microarray hybridization, although the changes detected by both procedures were not quantitatively identical (Table 1 ). This variation is commonly observed in validation of microarray results by RT-PCR (Allen and Nuss, 2004; Lopez et al., 2005) and is probably due to intrinsic differences between both techniques.
Statistically significant differentially expressed genes were grouped according to self-organizing maps (Kohonen, 1990) . To reflect biological differences in gene expression, data were normalized to the median expression of Willowleaf samples. Two global patterns of gene expression were found among these genes. One corresponding to those genes repressed in Eureka lemon with respect to those of mandarin, and a second corresponding to those overexpressed in Eureka lemon compared with Willowleaf mandarin. Group 1 included 212 genes repressed in Eureka lemon relative to mandarin and group 2 included 160 genes overexpressed in Eureka lemon compared with Willowleaf mandarin. To compare the global expression level of these groups of genes in the two parents and the hybrid, means of the expression data (logarithmic data) from each group for each species were normalized to the median of the expression in Willowleaf Mandarin samples. Expression levels in the hybrid were between the two parents (Figure 2) for the two groups, however, they were much closer to those of Willowleaf mandarin for group 2 (Figure 2b) .
Five genes in group 1 had significant transgressive expression (over mandarin expression) of the somatic hybrid (Table 2) , whereas no transgressive expression was observed for group 2. Among the five significantly transgressive genes, two have unknown function. Interestingly, the three other ones are associated with cellular signal transduction in relation with Ca 2 þ . The distribution of gene expression in the somatic hybrid compared with that of its two parents was analysed in greater depth to analyse the additivity of gene expression. For each group, initial expression data (without logarithmic transformation) were normalised to attribute a null value of gene expression for the parent with low expression and 1 to the parent with high expression. For group 1 (overexpression of mandarin), gene expressions of the allotetraploid are distributed Average fold change estimated from three independent RT-PCR reactions for three independent samples using total RNA. Transcriptome inheritance of a citrus somatic hybrid JB Bassene et al between the two parents ( Figure 3a ) and taking into account the transgressive genes, the average expression value is 0.70. For group 2 (overexpression of lemon), global non-additivity is observed (Figure 3b ) with a strong dominance of mandarin (low expression). Indeed, no gene expression was found over 0.55 and average gene expression is 0.09. When all the genes displaying significant differentiation among the three genotypes are considered, the transcriptome of the allotetraploid hybrid is much closer to its mandarin parent than to its lemon parent. This is clearly shown by the cluster analysis (UPGMA: unweighted pair group method with arithmetic mean) based on Euclidian distances calculated from the relative expression of the 372 genes (Figure 4 ) under consideration.
To examine whether any of the gene ontology terms obtained in the gene groups identified by self-organizing maps were enriched, when compared with the whole microarray gene set taken as a reference, we applied the Fisher's test implemented in Blast2GO (Conesa et al., 2005) . The genes are represented in various functional categories. In group 1, the genes attributed to the functional category 'secretory pathway' (about 27%) are among the most highly represented, followed by the genes from the category 'metabolic process', about 10% (Figure 5a ). The rest of the genes are distributed among different biological processes and represent about 7-2%. The category 'secretory pathway' designates the process by which proteins are allocated to different destinations in the cell. No significant enrichment was found in this group compared with the reference distribution. Half of the genes from group 1 encoded for proteins located in 'plastid' (18%), 'mitochondrion' (18%) and 'cytoplasmic membrane-bounded vesicle' (13%), but most of the cellular compartments are represented (Figure 5b ). The genes in the second group are also highly represented (27%) in the category 'secretory pathway', whereas the other categories are represented equally (Figure 6a ). In this group, genes related with 'secondary metabolic processes', 'photosynthesis' and 'photosystems I and II' were found significantly enriched as compared with the reference distribution (Table 3 ). The location of the proteins encoded by these genes is very similar to that in group 1 (Figure 6b ).
Discussion
Owing to the low availability of field samples, the experiment was carried out with three replicates, which led to high data variability in that the number of significant genes obtained was probably underestimated. Nevertheless, among the 9376 spots (unigenes) considered as valid, 372 genes (4%) displayed significant differential gene expression among the three genotypes. After these genes were normalized to the average expression of Willowleaf samples, they automatically clustered into two groups, namely those which are overexpressed in mandarin vs lemon (group 1) and those which are overexpressed in lemon vs mandarin (group 2). So it seems we have not identified any genes with significant transgressive expression for the allotetraploid hybrid without gene expression differentiation between mandarin and lemon. Non-additivity is frequent among the genes displaying significant interspecific differences in expression and leads to global mandarin transcriptome dominance In this study of the transcriptome of citrus-fruit pulp, we detected 4% divergence between the two parental species. A total of 212 and 160 genes were highly expressed in C. reticulata and C. limon, respectively. This is below the 15% observed by Wang et al. (2006b) between Arabidopsis thaliana and A. arenosa in a microarray study of leaf transcriptome or the 10% divergence found between maize lines (Swanson-Wagner et al., 2006) . According to the additivity hypothesis, newly synthesized allopolyploids are supposed to display mid-parent expression patterns. Using a microarray without allelic specificity, we cannot detect the situation in which repression of an allele is compensated by increased expression of its homologous allele. Thus, we should bear in mind that microarray analysis may underestimate the number of genes displaying allelic differential expression between the allotetraploid line and the parents.
The genes displaying interspecific expression divergence between mandarin and lemon displayed global non-additive behaviour in the WLM þ EUR allotetraploid hybrid. Indeed, after linear normalization, giving a value of 1 for the overexpressed parental genotype and 0 for the underexpressed one, we observed that most of the genes with underexpression for mandarin were subjected to repression in the allotetraploid (mid value for the hybrid ¼ 0.09). When mandarin was overexpressed compared with lemon, the gene distribution was much more balanced. It should also be noted that transgressive overexpression was only observed when mandarin was overexpressed compared with lemon.
A global trend for downregulation was observed by Wang et al. (2006b) in a study of neo-allotetraploid lines between Arabidopsis arenosa and A. thaliana. Indeed, among the genes with non-additive expression, they observed that 76 and 65% were, respectively, downregulated in two independent allotetraploid genotypes. They suggested that repression is a mode of non-additive gene regulation in synthetic allotetraploids. Moreover, as for the WLM þ EUR allotetraploid, they observed that most of the genes with non-additive expression were part of those displaying significant differentiation of parental expression. Downregulation of interspecific hybrid genes was also observed for sunflower (Lai et al., 2006) . However, at intraspecific level in maize, Swanson-Wagner et al. (2006) observed that only 22% of the differentially regulated genes exhibited non-additive modes of gene expression. Moreover, 181 of these 305 non-additive genes exhibited high-parental dominance and only 23 exhibited low-parental dominance. More systematic non-additive behaviour of the gene with differential parental expression and downregulation must be associated with interspecificity and global genetic divergences of parental genomes, leading to regulation incompatibilities (Landry et al., 2007) . In addition to the aforementioned species, deviations to additivity were found in synthetic allopolyploids of Senecio (Hegarty et al., 2006) , Brassica (Albertin et al., 2006) , Triticum (He et al., 2003) and Gossypium neo-polyploids (Flagel et al., 2008) , suggesting that the differential regulation of gene expression is a common feature of plant allopolyploids. We found a strong global dominance of the mandarin transcriptome on considering all the genes with significant differences between the two parental genotypes. Such transcriptome dominance has been demonstrated in Arabidopsis allotetraploid between A. arenosa and A. thaliana. Indeed Wang et al. (2006b) observed that the genes more highly expressed in A. thaliana autotetraploids than in A. arenosa are subject to orchestrated repression in the synthetic allotetraploids. Indeed, considering the mid-value of the two allotetraploid lines analysed, 97% of the genes overexpressed in A. thaliana were repressed whereas such under expression was only observed for 47% of the genes overexpressed in A. arenosa. They related this result with the silencing of A. thaliana rRNA genes subjected to nucleolar dominance and with overall suppression of the A. thaliana phenotype in the synthetic allotetraploids and natural A. suecica, a putative old natural hybrid between A. arenosa and A. thaliana. Transcriptome dominance has also been reported in two recent studies on cotton (Gossypium hirsutum L.) and demonstrates that transcriptome dominance should tend towards one or the other parent depending on the organ analysed. Upland cotton was formed by ancient interspecific hybridization between AA and DD genome species. In a large microarray study of ovular tissue, Yang et al. (2006) demonstrated that AA subgenome genes of all functional classifications were selectively enriched in G. hirsutum L., whereas in a recent study of petal tissues, Flagel et al. (2008) encountered the opposite generalized bias and concluded that neither Gossypium genome is globally dominant with respect to expression, but rather, each genome may have local dominance in certain tissue types or developmental stages. Therefore, transcriptome dominance is probably a general consequence of hybridization effects on gene expression in interspecific hybrids and allopolyploids, and seems to be potentially oriented differently in different organs as a probable result of subfunctionalization of duplicated genes (Lynch and Force, 2000) .
Interspecific differential gene regulation and non-additivity in WLM þ EUR allotetraploid are poorly related to functional categories or cellular component localization of gene products One of the important benefits of microarray studies is that the expression of thousands of genes can be analysed simultaneously. Thus, inferences can be drawn about the types and categories of genes, expression of which is affected by allopolyploidy. We observed that, for the genes overexpressed for mandarin compared Transcriptome inheritance of a citrus somatic hybrid JB Bassene et al with lemon, no particular functional category of genes was overly affected between lemon and mandarin. Regarding the reciprocal situation, significant enrichment was found for the categories 'secondary metabolic processes', 'photosynthesis' and 'photosystems I and II'; however, they only represent 25 of the 160 genes in this group. No specific enrichment of cellular component was found for the genes with differential expression, which means that most of the cellular components are involved. A microarray study of Senecio allopolyploid and hybrid species showed that the expression of genes with no particular functional category was overly affected, although genes involved in floral or pollen development were slightly over-represented (Hegarty et al., 2006) . Similarly, a microarray study of the homoploid hybrid species Helianthus deserticola showed differential regulation of genes in various functional categories in the hybrid (Lai et al., 2006) . A microarray study of Arabidopsis neo-polyploids also showed differential expression of genes in a variety of functional categories (Wang et al., 2006b) . However, in the latter study, genes involved in hormonal regulation were highly represented, particularly the ethylene biosynthesis pathway and cell defence mechanisms. Overall, it seems that expression of a variety of types and categories of genes, including gene products in all cellular components, is altered in allopolyploids and hybrids, but certain species or organ types may show biases for certain types of genes. Gancel et al. (2006) , who described a proteome dominance of mandarin cv 'Willowleaf' when combined by somatic hybridization with Mexican lime (C. aurantifolia) and Kumquat cv 'Marumi' (F. japonica). These results suggest a generalized behaviour of dominance of the mandarin both at transcriptomic and proteomic level. Gancel et al. (2006) linked this proteome dominance to the dominance of the leaf aromatic pattern of mandarin over the ones of all the other parental species combined by somatic hybridization (Gancel et al., 2003) . It was also demonstrated in Brassica neo-polyploids that protein abundance can be altered by allopolyploidy (Albertin et al., 2006) . A relatively high number of proteins displayed quantitative differences in polyploids as compared with their parents, but few proteins appeared or disappeared. In a recent study, Bassene et al. (2009b) described the relationship between the neo-expression of the genes of the carotenoid pathway and the new pattern of carotenoid composition of juice sac in the allotetraploid hybrid WLM þ EUR. Indeed, underexpression of the first step in the pathway and transgressive overexpression of the last step, producing abcissic acid from violaxanthin, lead to very low levels of total carotenoid but with all the compounds found in mandarin. Another example is a recent study of genes involved in regulating flowering time: flowering locus C (FLC; negatively regulates flowering) and FRI (positively regulates FLC). Meanwhile, in neo-polyploid Arabidopsis, expression levels of FLC derived from the A. thaliana parent in the allopolyploid are reported to be considerably upregulated, whereas expression levels of FLC from the A. arenosa parent are downregulated (Wang et al., 2006a) . As a result, flowering time in neo-polyploids was later than that in either parent. However, the nucleolar dominance of A. arenosa over A. thaliana (Pikaard, 1999) is associated with the overall suppression of A. thaliana phenotype in new allotetraploids and in natural A. suecica (Wang et al., 2006b) . Results regarding H. deserticola suggest that nonadditive gene regulation and particularly transgressive expression of transport-related proteins should be related with its high adaptability to water-stress conditions (Lai et al., 2006) .
Our results for the WLM þ EUR allotetraploid show that gene underexpression of mandarin compared with its other parent is highly dominant; however, when mandarin genes are overexpressed the allotetraploid can display, additivity, lemon or mandarin dominance as well as transgressive (over) gene expression. It is logical to hypothesize that the phenotype of mandarin will be generally dominant when phenotypic differentiation between mandarin and lemon is associated with underexpression of the mandarin genes. Similarly, in the opposite situation (overexpression of mandarin genes) there should be codominance, phenotypic mandarin or lemon dominance as well as overdominance. Interestingly, the group of genes with underexpression of mandarin and generalized dominance of mandarin transcriptome displays significant enrichment for the functional category 'secondary metabolite processes'.
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